Hydrodynamic Considerations for Optimal Thermal Compressor Design by Staedter, Marcel A. et al.
Purdue University
Purdue e-Pubs
International Refrigeration and Air Conditioning
Conference School of Mechanical Engineering
2016
Hydrodynamic Considerations for Optimal
Thermal Compressor Design
Marcel A. Staedter
Georgia Institute of Technology, United States of America, m.staedter@gmail.com
Khoudor Keniar
Georgia Institute of Technology, United States of America, khoudor.keniar@gmail.com
Srinivas Garimella
Georgia Institute of Technology, United States of America, sgarimella@gatech.edu
Follow this and additional works at: https://docs.lib.purdue.edu/iracc
This document has been made available through Purdue e-Pubs, a service of the Purdue University Libraries. Please contact epubs@purdue.edu for
additional information.
Complete proceedings may be acquired in print and on CD-ROM directly from the Ray W. Herrick Laboratories at https://engineering.purdue.edu/
Herrick/Events/orderlit.html
Staedter, Marcel A.; Keniar, Khoudor; and Garimella, Srinivas, "Hydrodynamic Considerations for Optimal Thermal Compressor
Design" (2016). International Refrigeration and Air Conditioning Conference. Paper 1677.
https://docs.lib.purdue.edu/iracc/1677
  2271, Page 1 
 
16th International Refrigeration and Air Conditioning Conference at Purdue, July 11-14, 2016 
Hydrodynamic considerations for optimal thermal compressor design 
 
Marcel A. STAEDTER, Khoudor KENIAR, Srinivas GARIMELLA* 
 
Sustainable Thermal Systems Laboratory 
George W. Woodruff School of Mechanical Engineering 
Georgia Institute of Technology 
Atlanta, GA 30032 
Phone: (404) 894-7479; sgarimella@gatech.edu 
 
* Corresponding Author 
ABSTRACT 
Two design concepts for a desorber in small-capacity ammonia-water absorption systems are presented. Both designs 
implement the thermodynamically favorable diabatic distillation concept and rely on liquid-vapor counter flow. 
Counter current flow limitations as well as component activation thresholds inherent to these designs are investigated. 
A hydrodynamic design methodology is established and evaluated experimentally through air-liquid flow visualization 
studies that simulate expected flow patterns. Parameters required for coupled heat and mass transfer modeling of these 
designs are identified and quantified experimentally through high-speed videography. The hydrodynamic feasibility 
of both designs is verified and design guidance to achieve optimal operation is provided. The results of this study can 
guide further development of highly compact and efficient desorption components required for optimal thermal 
compressors.  
1. INTRODUCTION 
In thermally activated cooling and refrigeration cycles, the mechanical compressor of the vapor compression cycle is 
replaced by a set of heat and mass exchangers and a liquid pump. This is commonly referred to as the thermal 
compressor. Its key components are the absorber and the desorber. In the case of ammonia-water absorption systems 
(AAS) an additional vapor purification stage, i.e., a rectification stage, is added to the desorber. Research focus on 
improved absorber designs has resulted in increased heat and mass transfer fluxes and more compact components 
(Nagavarapu and Garimella, 2011) that address the limitations posed by the absorber on the overall system, i.e., the 
system “bottleneck” (Beutler et al., 1996). Additional research focus on the desorber-rectifier (D-R) component is 
required to ensure optimal design and operation of the thermal compressor. The following design criteria can be 
defined for the D-R: 1. optimal exergy utilization, 2. high purity vapor generation, 3. compact component size and 4. 
flexible and reliable operation. The first criterion ensures optimal utilization of the driving heat source, allowing 
applications with low heat source temperatures and optimal primary energy utilization.  Refrigerant vapor purity is of 
critical importance for many applications of AAS (Bogart, 1982). Fernandez-Seara and Sieres (2006) quantify the 
detrimental effect of reduced purification by the D-R on overall system performance. Optimal thermal compressor 
design must allow for highest possible overall AAS performance, which requires delivery of high purity refrigerant to 
the simple cooling cycle (SCC). Highly compact components with simple geometries that can be easily fabricated are 
of particular importance for small capacity applications to provide economically feasible systems with low weight and 
a system small envelope (Garimella, 2003). Optimal thermal compressor design must also accommodate a range of 
operating conditions including turndown for part load operation.  
 
Typical AAS designs use the conventional fractioning column approach for desorption and rectification. Bogart (1982) 
provides an overview of this approach as applied to AAS and identifies typical hydrodynamic challenges such as 
liquid entrainment and carry-over into the SCC. Anand and Erickson (1999) present a design methodology for small 
capacity AAS adiabatic sieve-tray columns to determine hydrodynamic limits and mass transfer efficiencies. 
Fernández-Seara et al. (2002) developed a coupled heat and mass transfer model for a packed column and Sieres and 
Fernández-Seara (2007) present an experimental investigation of mass transfer characteristics of a structured packing 
in an AAS adiabatic column. Few deviations from the conventional column design have been reported. Various 
rectification column configurations in combination with the conventional reboiler and stripping section are compared 
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by Fernandez-Seara et al. (2003). Partial 
condensation with internal heat recovery 
through the concentrated solution was shown to 
be thermodynamically most favorable. More 
recently, designs that deviate significantly from 
conventional kettle type reboiler designs have 
been developed for small capacity applications.  
Determan and Garimella (2011) present a 
compact, small-capacity falling-film type 
desorber and a coupled heat and mass transfer 
model with experimental validation. Delahanty 
et al. (2015) present a novel design that employs 
heat source coupling through microchannels 
with a staged solution pool design that results in 
a compact assembly for applications in 3.5 kW 
cooling capacity AAS. In both designs, the kettle reboiler is replaced by a liquid-vapor (L-V) counter flow approach. 
This permits use of the temperature gradient, characteristic of varying concentrations in saturated zeoptropic binary 
mixtures. Incremental vapor generation across this temperature gradient causes a lower combined vapor desorber 
outlet temperature, which requires a smaller stripping section, also termed the analyzer.  
 
Further development of the desorber is presented here with the introduction of two novel, highly compact design 
options that remove the need for a separate stripping section and addresses all of the above D-R design criteria. A 
wide range of applications is addressed by developing two designs for various types of heat source integration. 
Successful implementation of these designs depends on the feasibility of specific hydrodynamic flow conditions. A 
hydrodynamic design methodology is developed to specify optimal geometries, and their feasibility is validated 
experimentally. Parameters relevant for the development of a detailed heat and mass transfer model are identified and 
quantified through flow visualization experiments. 
2. DESIGN CONCEPTS 
Both design concepts are different from the conventional approach to ammonia-water desorption. Diabatic distillation 
is used here, whereby the heat source of conventional reboiler is integrated with vapor purification stages of the 
stripping section. The thermodynamic advantage of this approach is discussed by Kotas (2013). Exergy destruction 
caused by temperature differences between the heat source and the working fluid can be minimized through targeted 
distribution of the heat transfer area that achieves matching of the heat source temperature profile with that of the 
zeotropic mixture. Integration of vapor purification within each heat transfer stage allows for lowest possible vapor 
temperatures leaving each stage, which is determined by tray efficiency. Proper design allows for a close approach of 
vapor temperature leaving the desorber to that of the concentrated solution feed in the top tray. This eliminates the 
need for an analyzer section, i.e., no dedicated stripping column is required. This approach is therefore conducive to 
highly compact component designs.  
 
The first design, Concept A, is a microchannel based desorber as shown in Figure 1. A coupling fluid delivers heat 
from a generic heat source to the component through a microchannel assembly. The solution-side assembly consists 
of L-V countercurrent flow paths formed by trays. Each tray has three distinct regions: a downcomer where liquid 
from above is accumulated before it enters the bubble region. Here, hotter vapor from below is injected through 
orifices to facilitate L-V interaction and vapor purification. Liquid then enters the pool region of the tray without vapor 
injection before it enters the downcomer of the tray below, where this pattern is repeated.  
Concept B is developed for direct-coupled heat source applications, e.g., exhaust gas heat recovery or integration with 
combustion systems. This precludes the use of microchannel geometries due to gas-side pressure drop limitations. In 
the proposed flow pattern, shown in Figure 2, a downcomer feeds liquid from above onto the pool side of the tray. 
Hot gas tubes are attached to the tray to provide an extended heat transfer surface area and to ensure liquid build-up 
against a weir plate. Liquid enters the bubble side of the tray over the weir, where it develops L-V interaction with hot 
vapor from below. This is enabled by annular gaps formed between the tray and hot gas tubes through which vapor 
injection occurs. Liquid then enters the downcomer to feed the pool side of the tray below.         
Figure 1: Concept A: Layout (left) and flow pattern (right) 
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3. HYDRODYNAMIC DESIGN 
METHODOLOGY 
Both design concepts rely on establishing 
optimal hydrodynamic flows to meet the D-R 
design criteria outlined above. L-V counter flow 
is inherent to these designs and is governed by 
two hydrodynamic limitations. At high vapor 
flow rates, countercurrent flow limitations 
(CCFL) cause liquid entrainment and 
component flooding. At low vapor flow rates, 
liquid weeping through vapor orifices prevents 
tray activation, i.e., formation of a liquid level in 
the bubble region of the tray, reducing 
purification efficiency. CCFL have long been 
the subject of research efforts due to their 
significance to many applications, e.g., nuclear reactors, distillation columns, and gas-liquid fossil fuel pipelines. The 
approach presented by Wallis (1969) is most widely used for CCFL prediction, particularly for small fluid passages 
(Ghiaasiaan 2010). The general correlation is shown in Eq. (1), where the parameters m and C are empirically 
determined values dependent on geometry and fluid properties. Modified superficial velocities are defined in Eq. (2), 
where k corresponds to the gas or liquid phase. Here, ݆௞ ൌ ܳ௞/ܣ௖ is the superficial velocity, where ܳ௞ and ܣ௖ correspond to volumetric flow rate and characteristic cross-sectional flow area, respectively. 
 * *G Lj m j C    (1) 
  * kk kL G cj jgD

    (2) 
Further development of CCFL models has occurred since that first criterion was proposed (Deendarlianto et al., 2012). 
However, given that more advanced CCFL models are increasingly specific to particular geometries and fluid 
properties, the basic Wallis approach is applied for CCFL characterization of the novel geometries under consideration 
here. Moreover, a Wallis-type model is also commonly applied for weeping limitations in countercurrent L-V 
contactors (Thorat et al., 2001) and is therefore employed here to characterize tray activation. The characteristic length 
scale, DC, in  Eq. (2) is the hydraulic diameter of the vapor passage in the bubble region of both designs. This is the 
orifice diameter for Concept A and the hydraulic diameter of the annulus, Dh = Do - Di, for Concept B.  A conceptual 
hydrodynamic Wallis characterization of a tray for a specific geometry is shown in Figure 3. A flood line delineates 
the ideal operating region from CCFL, where liquid entrainment compromises proper operation of the component and 
the entire AAS. An activation line describes flow rates at which liquid build-up in the bubble region is achieved. 
Figure 4 depicts the actual operating field of a specific tray geometry for a range of flow rates that correspond to a 
load from 33% to 100%. Each line corresponds to a position within the component because liquid and vapor flow 
rates vary from the top tray to bottom tray and for various loads. This is captured by various lines in the operating 
field. It can then be compared to the CCFL and activation 
lines for that specific geometry. The actual operating 
field shown in Figure 4 varies with changes to its 
geometry, e.g., hole diameter or number of holes. 
Preferably, the operating field falls within the ideal 
operating region shown in Figure 3. At flow rates below 
activation, tray efficiency is reduced and heat transfer 
mechanisms differ. However, sufficient heat transfer 
area may still be available in inactive trays due to falling 
film wetting of the heated wall. At part load operation 
and tray positions toward the bottom of the desorber, 
inactive trays may be accommodated if tray activation at 
higher desorber positions provides sufficient 
purification. Therefore, some interference between the 
operating field and activation line may be tolerated, 
Figure 2: Concept B: Layout (left) and flow pattern (right) 
Figure 3: Conceptual Wallis-type graph of flooding and 
activation 
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which qualifies the region below the activation line in Figure 
3 as partially acceptable. The operating field can be 
established with knowledge of tray geometry, fluid properties 
and flow rates. Flood and activation lines must be determined 
experimentally. Results for each considered geometry can be 
used to properly design trays throughout the component.  
 
Beyond CCFL and activation, hydrodynamic behavior in the 
bubble region affects tray purification efficiency. Knowledge 
of this efficiency allows the use of an equilibrium method, 
e.g., the Ponchon-Savarit method (Zavaleta-Aguilar and 
Simões-Moreira, 2012), which greatly simplifies design and 
analysis. Factors that influence tray efficiency are interfacial 
area, bubble size, and mass transfer rates (Akita and Yoshida, 
1974). While much research has been dedicated to the 
evaluation of these parameters for working fluids and column 
dimensions commonly encountered in industrial processes (Gandhi et al., 2009), very little work relevant to small 
capacity AAS is available. However, a heat and mass transfer analogy as demonstrated by Lee et al. (2008) can be 
used for design purposes without access to explicit mass transfer data. Therefore, a heat and mass transfer model can 
be developed with knowledge of a characteristic length scale for vapor structures, a characteristic velocity, and L-V 
interfacial area. This diabatic design requires quantification of heat transfer area which can be further categorized into 
the type of flow to apply an appropriate heat transfer coefficient, e.g., single-phase flow, liquid pool, or two-phase 
flow. These parameters can be quantified through experimental investigations. 
4. EXPERIMENTAL WORK 
4.1 Experimental Facility 
An air-liquid experiment was designed to simulate the hydrodynamic behavior expected in a small-capacity AAS. 
Figure 5 shows the experimental set-up that uses either pure distilled water or a mixture with 60% ethanol. This ethanol 
concentration provides surface tension and density values similar to those encountered in AAS (Vazquez et al., 1995). 
Dye is added to the liquid to facilitate visualization of hydrodynamic behavior. Compressed air is used to pressurize 
a tank that provides liquid flow to the test section. Air is drawn from the top of the tank to provide vapor flow to the 
test section. Vapor and liquid flow rates are controlled to the desired values with metering valves. Turbine flow meters 
are used for Test Section A with flow ranges of 0.33 - 3.33	× 10-5 m3 s-1 and 0.17 - 1.75 × 10-6 m3 s-1 for gas and liquid, 
respectively. The uncertainty associated with these flow meters is ±1% and ±3% of full scale for liquid and gas, 
respectively. A set of rotameters with an uncertainty of ±4% of full scale is used for Test Section B. Two liquid flow 
meters with ranges of 0.53 - 5.25 × 10-6 m3 s-1 and 2.10 - 26.3 × 10-6 m3 s-1 are used for low and high liquid flow rates, 
and two vapor flow meters with ranges of 1.57 - 17.3 × 10-5 m3 s-1 and 3.1 - 47.2 × 10-5 m3 s-1 are used for low and 
high gas flow rates. The flow meters were calibrated for both liquids. A differential pressure transmitter with a range 
of 25 kPa (uncertainty of ±0.01 kPa) is used to measure pressure drop across two trays within each test section. 
  
4.2 Test Sections 
Two test sections were designed and fabricated for evaluation of both design concepts as shown in Figures 6 and 7. 
Test Section A was fabricated from ABS plastic as a single part using a 3-D printing process. This test section includes 
all proposed geometric features. The depth of the 
working fluid cavity is 6.3 mm. Each tray has four 
orifices with a diameter of 2.5 mm. Geometric 
modification of the tray is limited to variation of the 
number of orifices by successively sealing 
individual holes.  A clear plastic cover with a gasket 
seal is used to provide visual access to internal flow 
patterns. The assembly is compressed with a set of 
bolts to ensure proper internal and external sealing. 
Test Section B is an assembly of machined stainless 
steel plates. A total of three trays is used in 
combination with transparent sections of clear 
Figure 4: Actual tray operating field for a specific 
geometry 
Figure 5: Schematic of experimental facility 
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plastic tube (Do = 114 mm) that form the shell of the 
assembly and provide visual access to internal flow 
patterns. Stainless steel tubes (Do = 12.7 mm) are used to 
simulate heat source passages. They are sealed to the tray 
in the pool region and form annuli with the tray in the 
bubble region. Both regions are separated through a weir 
plate that is sealed to the tray. A stainless steel tube (Do = 
19 mm) is used as a circular downcomer in each tray and 
is sealed to the tray in the bubble region. Geometric 
modification of the trays is limited to variation of the 
annulus size.  
 
4.3 Experimental Procedure and Test Matrix 
Four modifications are investigated for Test Section A, 
with one to four holes per tray. Three annulus sizes are 
investigated for Test Section B, with Do of the tray bubble side holes of 13.7 mm, 14.0 mm and 14.2 mm while 
maintaining a constant value of Do for the gas tubes, i.e., annulus Di of 12.7 mm. Flood and activation lines are 
established for each geometry for pure water as well as 60% ethanol-water mixture. This results in eight flood and 
activation lines for Test Section A and six flood and activation lines for Test Section B. Both, activation lines and 
flood lines are established for a range of liquid flow rates that correspond to the operating field. For each liquid flow 
rate, the vapor flow rate is slowly increased until tray activation is observed. At this point, all gas flow passes through 
the bubble tray, allowing build-up of an L-V region on the bubble side of the tray. Gas flow rates are further increased 
until component flooding is observed. At this point, downcomer flooding may cause excessive liquid build-up, or 
entrainment flooding causes froth to leave through the vapor outlet port. The range of flow rates chosen for this 
investigation corresponds to volumetric flow rates that are relevant to small capacity AAS for both design concepts. 
Additional flow visualization work is conducted for Test Section A. The shallow depth of 6.3 mm justifies the 
assumption of a two-dimensional flow pattern, which allows for additional hydrodynamic characterization of the 
interfacial area. The liquid and vapor flow rates shown in the operating field in Figure 3 are simulated by matching 
the volumetric flow rates of air and liquid. Videos are recorded for three positions within the component, i.e., top 
(100% vapor generated), center (60% vapor generated), and bottom (25% vapor generated), as well as for three load 
points: 100%, 67% and 33%. This provides a test matrix of nine points for each liquid, 18 points for each geometry. 
Detailed quantification analysis of flow visualization was not performed for design Concept B. Flow patterns are 
inherently three-dimensional and complete visualization is obstructed by internal tubes of the trays.  
 
4.4 Flow Visualization 
A Photron FASTCAM Ultima 1024 high-speed camera with a Nikon Micro-NIKKOR 105 mm lens was used and 
recordings were taken at 250 frames per second with a resolution of 512 × 512 pixels. A recording duration of 10 
seconds was used to appropriately capture all hydrodynamic features. Videos are processed according to the algorithm 
shown in Figure 8. A calibration reference image of the test section filled with dyed liquid is taken prior to flow 
testing. Air bubbles trapped in the calibration image are removed through an automated algorithm. The flow video is 
analyzed on a frame-by-frame basis to obtain raw flow images as shown in Step 2-b. Both, the calibration image as 
well as the raw flow image, are converted to grayscale as shown in Step 2-a and compared. User defined threshold 
settings are then applied to differentiate between liquid and gas regions. This results in the processed flow image 
shown in Step 3 that differentiates vapor (white) from 
liquid (red). Subsequently, a time averaged fluid 
distribution image is produced from all individual binary 
processed flow images in a recording as shown in Step 4-
a. Here, every pixel in the domain is monitored for its 
binary state, i.e., liquid or vapor throughout the duration 
of the recording. The average phase state is depicted and 
ranges from 0% to 100% liquid. This can then be used to 
define phase regions as shown in Step 5. The liquid region 
is defined as an average phase state of > 95% liquid, while 
the vapor region is defined as an average phase state of < 
5% liquid. Regions within these thresholds are classified 
as the two-phase regions. Furthermore, the Canny edge 
Figure 6: Test A test section (left) and assembly (right)
Figure 7: Test section B tray (left) and assembly (right)
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detection algorithm is applied to the processed flow 
image to identify the vapor-liquid interface for each 
frame as shown in Step 4-b. Image processing results are 
then converted to metric length and area dimensions 
through reference geometry and can be used to quantify 
parameters relevant to heat and mass transfer modeling.  
 
User defined greyscale thresholds for L-V differentiation 
were carefully determined by comparing raw flow 
images with processed flow images. Nevertheless, a 
degree of subjectivity is introduced through manual 
selection of these thresholds. The associated error is 
determined by Eq. (3). Here, α is a generic variable 
obtained from video processing, e.g., liquid area. The 
threshold is modified by ±10%. This range was used 
because at these threshold variations, noticeable 
deviation of the processed flow image from the raw flow 
image can be observed.  
   2 2,110% ,90%E       (3) 
5. RESULTS 
5.1 CCFL and Activation 
Flooding and activation results for Test Section A are 
shown in Figures 9 and 10 for a single-orifice tray and a 
4-orifice tray with 60% ethanol. The shift in operating 
field due the change in geometry can be seen clearly. The 
operating field of the single-orifice tray shows significant interference at high capacity and at desorber positions 
toward the top of the component. Activation is achieved for most of the operating field. Activation is not achieved for 
the low-position, low-capacity side of the operating field. The 4-hole tray does not achieve activation at all for the 
lowest desorber position and no activation at any position at loads below 50%. Component flooding does not interfere 
with the operating field for this geometry. Results for 2-orifce and 3-orifice trays fall between the results shown for 
single-orifice and 4-orifice trays. These results provide hydrodynamic validation of Desorber Design Concept A. It 
can be implemented by selecting a combination of trays for various desorber positions based on these results. Non-
activation at the lowest desorber position at very low loads is likely to be tolerable by activation of upper trays and 
can be incorporated into component heat and mass transfer modeling.  
 
Figure 8: High speed video processing procedure  
Figure 10: Flooding, activation and operating field 
for Design Concept A: 1 orifice tray – 60% ethanol Figure 9: Flooding, activation and operating field for Design Concept A: 4 orifice tray – 60% ethanol 
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Results for Design Concept B for the 60% ethanol mixture are shown in Figures 11 and 12 for bubble-side annulus 
Do values of 14.0 mm and 14.2 mm, respectively. Bubble side Do of 13.7 mm led to unacceptably high interference of 
flood lines with the operating field, which was therefore excluded as a design option. These results show that a 
combination of both geometries can provide reliable hydrodynamic behavior. Specifically, tray positions toward the 
top avoid flooding by use of the slightly larger, 14.2 mm Do annuli, while activation is ensured for lower trays at most 
operating points with 14.0 mm Do annuli. The lowest trays may not achieve activation at loads below 50% of capacity 
as shown in Figure 11. Again, reduced purification efficiency of the lower trays at part load is likely to be acceptable 
with full activation of higher trays.  
 
Results for pure water did not provide significantly different results. For both design concepts, the operating field is 
shifted lower on the Wallis-plot, as non-dimensional superficial gas velocities are reduced due to a greater liquid 
density. Tray activation was achieved at somewhat lower gas flow rates for both test sections. This caused a slightly 
lower activation line, i.e., slightly less interference with the operating field. Likewise, flooding occurred at somewhat 
lower gas flow rates for both designs, which either increased the interference of the flood line with the operating field 
or decreased its relative distance. However, the differences in the results with pure water compared to 60% ethanol do 
not require different design solutions. Flooding prevention can be ensured for both liquids with the proposed designs 
by judicious selection of tray geometry distribution throughout the component. Qualitatively, the difference of 
hydrodynamic behavior due to the effect of surface tension and density leads to greater resilience to CCFL and greater 
activation gas flow rates for the 60% ethanol mixture. Separate Wallis parameters, m and C, in Eq. (1) can be found 
for each flood and activation line, but depend on geometry and fluid properties.  Limited research is available on 
surface tension effects on CCFL (Ousaka et al., 2006) and quantification of fluid property effects are challenging. 
This is further complicated by the unique geometries investigated. Zapke and Kröger (2000) propose Froude number 
(Frk= ρkVk2/gLC∆ρk ) and Ohnesorge number (Ohk=μk/ඥρkσkLC ) dependencies for simple geometries and show greater resilience to CCFL at low values of OhL. However, the opposite trend is observed in this investigation given 
that OhE60/OhE0 = 4.4. This could be attributed to the unique geometries where different CCFL mechanisms take place 
compared to the simple tube geometries typically investigated.  
 
5.2 Heat and Mass Transfer 
High speed videos for Test Section A were processed for all geometries and both liquids at activated and non-flooded 
operating points. Analysis of these results provides quantification of the identified parameters relevant for heat and 
mass transfer, which is strongly affected by hydrodynamic behavior. Heat transfer in the desorber component from 
the heat source to the working fluid causes binary mixture boiling. Effective heat transfer area is therefore defined as 
the combination of the liquid pool region and two-phase region shown in Figure 8. Analysis of the data shows that 
effective heat transfer area scales most coherently with volumetric flow rates of gas.  Figure 13 shows results for total 
heat transfer and pool area, which is a portion of the total area, as a function of gas volumetric flow rate. The difference 
between pool area and total heat transfer area is the two-phase area. This delineation allows for application of 
appropriate heat transfer coefficients. Results show that total heat transfer area increases with increased gas flow rates. 
This is expected as the downcomer level increases and the bubble region grows. From this figure, it can be seen that 
the 60% ethanol mixture causes slightly lower heat transfer areas due to the different fluid properties discussed above. 
Figure 12: Flooding, activation and operating field     
for Concept B: Do = 14.0 mm – 60% ethanol 
Figure 11: Flooding, activation and operating field     
for Concept B: Do = 14.2 mm – 60% ethanol 
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Interfacial area is quantified as the area between vapor and liquid in the two-phase region. A liquid film is assumed to 
be present between the vapor and the wall. Therefore, interfacial area consists of the product of vapor-phase perimeter 
and cavity depth as well as the face area of vapor structures. Interfacial area was found to exhibit the most coherent 
trend with gas flow rate, as shown in Figure 14. The trend for the 60% ethanol mixture is somewhat better than that 
for the pure water. At high gas flow rates, a slight distinction between 60% ethanol and water can be seen, with water 
having lower values of interfacial area.  
 
Application of a heat and mass transfer analogy requires a characteristic length scale and velocity of vapor structures. 
Ideally, individual vapor structures are detected and tracked on a frame-by-frame basis to determine size, velocity and 
trajectory. However, continuous break-up and coalescence of bubbles provides significant image processing 
complications and requires substantial assumptions during image analysis. Characteristic velocity, VC, is determined 
as the arithmetic mean between injection velocity at the tray orifice and the velocity of vapor leaving the bubble 
region. A cross-sectional vapor area at the exit of the bubble region is determined from the video analysis on a frame-
by-frame basis. Vapor flow is approximately perpendicular to the plane of that area and the time-averaged value is 
used to determine the vapor velocity leaving the bubble region, such that VC = 0.5	×	(jG+VG,exit). The characteristic length scale, LC, of the vapor structures is defined as the volume-to-surface area ratio (V/S). In this analysis, LC is 
defined as the fraction of total vapor volume to total interfacial area, which is not identical to the average of individual 
vapor structure V/S values.  However, it can be shown that this will result in slightly greater LC values than those for 
individual vapor structures. Therefore, a mass and heat transfer analogy based on this LC will provide conservative 
predictions for mass transfer coefficients. This is due to the inverse relationship between mass transfer coefficient and 
characteristic length scale in the Sherwood number, Sh	=	βLC/D in combination with typical Nusselt number dependence on LC. Results for both quantities are shown in Figures 15 and 16. Values for LC show good consistency 
and little variation with gas flow rate. No discernable dependence of LC on liquid properties is observed.  VC exhibits 
Figure 16: Heat transfer area per tray for Concept A Figure 15: Interfacial area per tray for Concept A 
 Figure 14: Characteristic length scale of vapor 
structures in bubble region of tray for Concept A 
Figure 13: Characteristic velocity of vapor 
structures in bubble region of tray for Concept A 
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a clear trend with gas flow rate and number of orifices. This is to be expected as the inlet velocity depends on both 
explicitly. No consistent dependence of VC on mixture properties is discernible.  
 
The error defined in Eq. (3) was quantified by repeating the analysis with the upper and lower threshold values. 
Calculated errors were generally low. The average error for heat transfer area and interfacial area are ±1.7% and 
±5.3%, respectively. For VC and LC the average errors were ±6.0% and ±2.9%, respectively.  
 
5.3 Pressure drop 
Pressure drop data were collected for both test sections at flow rates representative of their operating fields. The 
maximum pressure drop observed for Design Concept A is 350 Pa per tray at the highest liquid and gas flow rates that 
avoid component flooding. Design A implementation for small capacity systems requires less than 8 trays, limiting 
total expected pressure drop to 2.8 kPa. The maximum pressure drop for Design Concept B at flow conditions close 
to component flooding was 270 kPa per tray. Less than 12 trays are expected to be needed in an actual component, 
limiting expected pressure drop to less than 3.2 kPa. Projected pressure drops for implementation of either design 
solution are well within acceptable limits for desorption components in AAS. This is due to relatively large geometries 
required for L-V countercurrent flow. Therefore, pressure drop is not likely to be a significant determining factor in 
the choice of design configuration for such vapor generation units.  
6. CONCLUSION 
Two novel design concepts that address criteria identified as necessary requirements for optimal thermal compressor 
design were proposed, analyzed and demonstrated in this study. A methodology was developed to address 
hydrodynamic challenges, i.e., weeping and CCFL, inherent to thermodynamically favorable design solutions. 
Experimental validation showed that both designs are feasible and achieve desired hydrodynamic behavior. Operating 
ranges for these concepts were identified through experiments and video analysis.  Further quantification of 
hydrodynamic parameters for one design concept demonstrated the utility of these results to heat and mass transfer 
modeling. Such techniques would lead to quantification of purification efficiencies of individual trays and will 
facilitate component design of the next generation of highly compact desorbers for small capacity AAS. The same 
design concepts can be scaled for application as the rectification section of the D-R assembly. This facilitates 
integration of desorber and rectifier into a single component, leading to even smaller footprints.  
 NOMENCLATURE 
AAS Ammonia absorption system L Length scale (m) Subscripts 
SCC Simple cooling cycle E Error o Outer  
D-R Desorber-rectifier D Diameter (m) i Inner 
L-V Liquid-Vapor                Greek h Hydraulic 
CCFL Countercurrent flow limitation ß Mass transfer coefficient (m s-1) k phase 
V, j Velocity (m s-1) ρ Density (kg m-3) L Liquid 
V-S Volume-to-surface ratio μ Dynamic viscosity (Pa s) G Gaseous 
Sh  Schmidt Number σ Surface tension (N m) E0 Pure water 
Oh Ohnesorge number   E60 60% ethanol-water mixture 
Fr Froude number   C Characteristic 
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